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We examine the relationship between sea ice dynamics, phytoplankton biomass, and emissions of marine biogenic aerosols in both the Arctic and Southern Oceans.
THE NEXUS BETWEEN SEA ICE AND POLAR EMISSIONS OF MARINE BIOGENIC AEROSOLS albert Gabric, Patricia Matrai, GrahaM Jones, and Julia Middleton M arine biogenic aerosol (MBA) plays an important role in the radiative budget of remote marine atmospheres by potentially shaping regional climate (McCoy et al. 2015) . MBAs can influence cloud microphysical properties as cloud condensation nuclei (CCN), affecting cloud albedo and lifetime. However, despite three decades of research, the impacts of aerosol-cloud interactions on climate are still poorly understood (Ayers and Cainey 2007; Carslaw et al. 2013) . MBAs are formed through the atmospheric oxidation of volatile precursor compounds, such as dimethylsulfide (DMS), organohalogens [such as the halogen oxide radicals iodine oxide (IO) and bromine oxide (BrO)], and other organic compounds, and are also directly injected as primary aerosols (Carpenter et al. 2003; Leck and Bigg 2005a; Orellana et al. 2011) . These compounds either are synthesized by phytoplankton or are by-products of marine ecosystem processes (Carslaw et al. 2010; Liss et al. 2000) . Thus, the sea-to-air flux of these aerosol precursor compounds and particles depends, in a complex fashion, on the structure and dynamics of the marine food web (Simó 2001) . Observed MBA concentrations at high latitudes can be one to two orders of magnitude higher than those at low and midlatitudes (Chen et al. 2012) , highlighting the importance of polar regions as sources of MBAs.
Polar sea ice constitutes the habitat for one of the largest ecosystems on Earth (Arrigo 2014) . Icecovered seas host a rich tapestry of biological activity and produce a range of MBAs (Korhonen et al. 2008 ). In the high Arctic, airborne marine gels with unique physicochemical characteristics originate from organics produced by ice algae or phytoplankton and appear to dominate the available CCN number population during the summer season (Karl et al. 2013; Orellana et al. 2011 ). Sea ice not only affects ocean-atmosphere interactions by providing a physical barrier to energy and gaseous exchange (Parmentier et al. 2013 ) but also shapes the polar marine food web. It is a habitat for ice algae (Gradinger 2009 ) and underice algal communities (Arrigo 2014) , influencing the phenology of pelagic blooms that occur as ice retreats (Arrigo et al. 2008a; Gradinger 2009; Heide-Jørgensen et al. 2007 ) and consequently also impacting higher trophic levels (Leu et al. 2011; Saba et al. 2014 ). In the Southern Ocean (SO), simulated sea ice primary production (PP) can constitute 12% of total annual PP in the seasonal sea ice zone (SIZ), extending from the permanent ice zone to the boundary where winter sea ice extent is at a maximum, which corresponds to approximately 1% of annual PP in the SO (Saenz and Arrigo 2014) . Over 50% of marine PP in the central Arctic covered by perennial ice is attributed to ice algae (Gosselin et al. 1997) , while on Arctic shelf seas, the percentage of annual PP by ice algae is estimated to be between 4% and 25% (Legendre et al. 1992; Leu et al. 2011 ). However, these estimates of Arctic PP are problematic because of ongoing declines in sea ice extent (SIE) and the presence of massive under-ice algal blooms (Arrigo et al. 2012) , which are invisible to satellite sensors.
Among ice-covered oceans, the Arctic is experiencing the greatest change, sea ice having decreased by about 40% in the last three decades ) though modulated by large interannual and subdecadal variability (Parkinson and Comiso 2013; Simmonds 2015) . First-year ice is rapidly replacing multiyear ice, and projections suggest that the SIZ might cover the entire Arctic Ocean by the 2020s (Overland and Wang 2013) . This loss of perennial sea ice will dramatically increase the amplitude of the seasonal cycle of sea surface temperature and summer stratification of the water column in the Arctic Ocean (Carton et al. 2015) . The decline in SIE in the Arctic over the past decade has been related to a 22% increase in annual pan-Arctic PP, likely due to an increased phytoplankton growing season with more available light (Arrigo et al. 2008b ). By influencing both pelagic and ice algal primary production, sea ice appears to play a key role in determining MBA emissions in the Arctic seas (Becagli et al. 2016) , with some studies suggesting that a significant increase in MBA production will result from the retreat of ice cover and concomitant increase in PP (Gabric et al. 2005; Ito and Kawamiya 2010) . Alternatively, studies that take the effect of ocean acidification (OA) into account suggest that MBA production may decrease in the future (Six et al. 2013 ). However, it has also been suggested that increases in wind-induced sea spray (with or without organics) may increase with more open water (Browse et al. 2014) . Conversely, in the Indian Ocean sector of the SO where sea ice is increasing, intense summer phytoplankton blooms in the SIZ have been observed, likely due to the influx of nutrient-laden freshwater derived from melting sea ice (Sabu et al. 2014) .
Accurate estimation of how much the climate sensitivity is affected by MBA emissions will require a more complete understanding of the nexus between food-web responses to warming, changes in sea ice, and the subsequent impact on MBA sources. Here, we review the current knowledge of MBA sources and the relationship with sea ice; in particular, we investigate the temporal nexus between ice melt and emissions of aerosol precursors and primary particles. We examine these processes by analyzing satellite data on MBAs, sea ice extent and seasonal variability, and indicators of biological activity in the Arctic and Antarctic SIZ. In addition, we examine current and projected trends in sea ice and discuss the likely impact on future biogenic aerosol emissions and polar climate.
SOURCES OF MARINE AEROSOL IN PO-LAR SEAS.
Marine aerosols are derived from both primary and secondary processes ( Fig. 1) . Where winds are high, sea salt aerosols, with estimated global emissions of 2,000-10,000 Tg yr -1 (when limited to diameters <20 µm), are a major component of primary marine aerosol mass (O'Dowd et al. 1997) and likely to increase significantly as SIE diminishes with warming (Browse et al. 2014) . DMS-derived sulfate is thought to be the key precursor to secondary marine aerosol mass over biologically productive regions (McCoy et al. 2015) ; however, other primary organic compounds-physically organized as marine microgels-appear to be important MBA sources in the Arctic (Leck and Bigg 2005a; Orellana et al. 2011) .
Polluted air masses from North America and Eurasia during winter and early spring-the so-called Arctic haze (Sirois and Barrie 1999)-complicate characterization of the Arctic aerosol. However, aerosol optical depth (AOD) data-a satellite-derived metric related to the amount of aerosol in the atmosphere-show peaks later in summer coincident with phytoplankton blooms and high emissions of biogenic aerosol precursors, such as DMS, and primary aerosols of biogenic origin (Chang et al. 2011; Gabric et al. 2014; Leck and Bigg 2005b) . Atmospheric DMS mixing ratios in the high Arctic occasionally reach 200-300 parts per trillion by volume during the phytoplankton growth period from May to September (Park et al. 2013 ).
In the SIZ, ice algae are known to be significant producers of DMS and its precursor compound dimethylsulfonioproprionate (DMSP; Kirst et al. 1993; Levasseur et al. 1994) . During seasonal ice melt, ice algae can be released into the surrounding water, initiating under-ice or ice-edge phytoplankton blooms (Galindo et al. 2014; Stewart and Fritsen 2004) . Koga et al. (2014) noted abrupt increases in atmospheric DMS concentrations in the SO SIZ while the ship was underway and crushing the sea ice, likely caused by DMS emissions from gaps in the ice made by the icebreaker. Similar patterns of MBA emissions have been reported for Arctic sea ice (Galindo et al. 2015; .
RECENT TRENDS IN SEA ICE COVER. Arctic
Ocean. Arctic near-surface air temperatures have warmed at almost twice the global average in recent decades, a phenomenon known as Arctic amplification (Serreze and Barry 2011) . Arctic SIE at the end of the melt season in September ( Fig. 2a ) has declined sharply over the last 50 years ). The strong warming over the Arctic Ocean during the past decade in autumn and winter is clearly associated with reduced SIE (IPCC 2013; Screen and Simmonds 2010) . Such positive sea ice-temperature feedbacks in the Arctic increase the likelihood of further warming and sea ice loss and will affect ecosystems and MBA emissions during the twenty-first century (Struthers et al. 2011) . In September 2016, Arctic SIE stood at 4.14 × 10 6 km 2 , which appears to have been the lowest extent of the year and is tied with 2007 as the second lowest extent on record (National Snow and Ice Data Center 2016). Decadal changes in Arctic minimum SIE are shown in Fig. 2b , with the eight lowest values occurring in the last eight years (Arndt et al. 2015) . Interannual variability is high; for example, the summer of 2012 experienced exceptional sea ice melt with the lowest minimum extent recorded, while the succeeding summers of 2013 and 2014 experienced much less sea ice melt (Fig. 2b) . The mean annual cycle in Arctic SIE is shown in Fig. 3a .
Multidecadal analysis of the satellite-derived data shows continued net decrease in multiyear ice coverage in the Arctic Ocean (Maslanik et al. 2011 ). The fraction of total SIE made up of multiyear sea ice in March decreased from about 75% in the mid-1980s to 45% in 2011, with losses extending into the central Arctic Ocean and adjacent to the Canadian Archipelago, areas where SIE was relatively stable prior to 2007. These changes in multiyear sea ice have clear impacts on PP, with annual net primary production (NPP) increasing 30% over the entire Arctic Ocean from 1998 to 2012, attributed to reduced SIE and a longer phytoplankton growing season (Arrigo and van Dijken 2015) , as indicated earlier. Regional and spatial variability in NPP are also seen in the satellite record, with caveats on remote sensing in polar seas (Babin et al. 2015) . In a modeling study of the Canadian Arctic, increased PP and double-bloom development were simulated in areas of sea ice retreat where nutrient supply is sufficient, and unchanged or reduced production was seen where nutrients are low or suppressed because of enhanced stratification (Steiner et al. 2015) .
Antarc tic and Southern
Ocean. In sharp contrast to the decreasing Arctic sea ice, Antarctic SIE has expanded since the late 1970s (Bintanja et al. 2015; Hobbs et al. 2016; Parkinson and Cavalieri 2012) , with interesting interhemispheric comparisons given in Stammerjohn et al. (2012) and Simmonds (2015) . Not only has Antarctic SIE countered the declining Arctic trend, but several new records were set in 2014, including record high monthly mean SIE from April to November. On 20 September 2014, a record large daily Antarctic SIE of 20.14 × 10 6 km 2 occurred (Arndt et al. 2015) . Massonnet et al. (2015) suggest that the primary cause for the 2014 record is anomalous thermodynamic sea ice growth near the ice edge in the Indian Ocean due to anomalous southerly advection of cold air there. A connection with increasing westerly winds has also been made by Fan et al. (2014) .
A plot of the trend in the March SIE anomaly relative to the climatological mean for the 1981-2016 period is shown in Fig. 2c . There is a notable difference with the Northern Hemisphere (NH) shown in Fig. 2b , as the positive trend in annual-mean Antarctic SIE is now almost one-third of the magnitude of the NH annual-mean decrease (Simmonds 2015) . The mean annual cycle in Antarctic SIE is shown in Fig. 3b . The general increase in Antarctic sea ice (especially in the Ross Sea) is qualitatively consistent with the prediction of a global atmospheric-ocean model of increasing sea ice around Antarctica under climate warming due to the stabilizing effects of increased snowfall on the SO (Zwally et al. 2002) ; however, this expansion is poorly simulated by more recent Coupled Model Intercomparison Project, phase 5 (CMIP5), models (Shu et al. 2015) .
Another possible mechanism (also not well captured by climate models) is that meltwater from Antarctica's ice shelves accumulates in a cool and fresh surface layer shielding the surface ocean from the warmer deeper waters that are melting the ice shelves (Bintanja et al. 2013 ). An exception to this trend is the western Antarctic Peninsula (WAP), which has experienced a warming in winter of almost 7°C since 1950, as well as the loss of ice shelves, the retreat of 87% of the marine glaciers, and significant decreases in winter sea ice duration (Bromwich et al. 2013; Ducklow et al. 2013; Stammerjohn et al. 2008) . Interestingly, these changes have also led to recent increases in PP in the WAP (Moreau et al. 2015) . Indeed, there is a general inconsistency between observed and modeled variability in Antarctic SIE, with the observed trends since the mid-1960s being within the 5%-95% range of simulated trends (Gagné et al. 2015) .
DATA ANALYSIS. Historically, the cycle of sea ice formation and loss has been multiyear in the Arctic Ocean and annual in the Southern Ocean. Both systems have an annual cycle of sea ice formation consisting of the permanent open ocean, the marginal ice-edge zone (MIZ) that forms a dynamic boundary with the open ocean, and the SIZ covering the area that shifts from ice covered to ice free during a single year. The Arctic Ocean also has a multiyear pack ice zone whose spatial extent has decreased extensively over the past decades and is now located mostly north of the Canadian Archipelago and in the Beaufort Sea. Structurally, pack ice is oceanic sea ice occurring as free-floating floes ranging in diameter from centimeters to kilometers and thickness from millimeters to meters. Pack ice covers most of the SIZ in both polar oceans (Zwally et al. 1983 ). Fast ice is attached to the continent, often extending tens of kilometers from the land (Fedotov et al. 1998) .
Field observations in the Arctic seasonal ice zone.
Emission of MBAs and aerosol precursors from the ocean and ice and snow surfaces in the Arctic Ocean is closely related to seasonal ice retreat and regional location. Mechanisms have been proposed for a large increase in sea salt aerosol (Struthers et al. 2011 ), MBAs (Heintzenberg and Leck 2012; Leck and Bigg 2005a) , and the source strength of MBAs (Orellana et al. 2011 ) and DMS (Leck and Persson 1996) . Modeling suggests that an increase in sea salt emission in an ice-free Arctic would increase AOD over the Arctic by 23% (Struthers et al. 2011 ) with a resulting increase in cloudiness (Liu et al. 2012) . As summer sea ice extent decreases emission fluxes of sea salt, marine primary organic aerosols and DMS are likely to increase severalfold, with DMS emissions increasing the most (Browse et al. 2014) .
Concentrations of aqueous DMS in open water and the MIZ in summer are highly variable, with median values being 1.4-3.6 nM (range: 0.5-22 nM; 1990-2008; Lundén et al. 2007; Tjernström et al. 2004 Tjernström et al. , 2014 and maxima in ice-edge blooms around the Arctic (Gali and Simo 2010; Matrai et al. 2007; Matrai and Vernet 1997) . Observed sea surface concentrations of DMS have been related to phytoplankton bloom stage (Gabric et al. 1999; Matrai and Vernet 1997) , while simulated patterns have been negatively predicted by mean sea ice and nitrate concentration, with highest simulated aqueous DMS (up to 10.7 nM) in the SIZ (Humphries et al. 2012) .
DMS and especially DMSP are present at high concentrations within sea ice, especially on the Arctic shelves, with concentrations up to 769 and 2,150 nM, respectively, reported for the vernal ice algal bloom in the Beaufort Sea first-year ice, or even 2,000 nM in the Canadian Archipelago at summer's end but only up to 29 nM in multiyear ice in the Arctic central basin (Gosselin et al. 1997) .
Atmospheric DMS concentrations are also highest during summer over the MIZ on the Atlantic side (1-30 nmol m −3 ; Lundén et al. 2007 ) and the eastern Canadian Archipelago (<1-24 nmol m −3 ; Mungall et al. 2016 ) but decreasing in summer (0.1-6 nmol m −3 ) as the air mass is advected over the pack ice (Leck and Svensson 2015; Lundén et al. 2007 ); DMS concentrations were strongest at the atmospheric interface with ocean/ice and closest to the source regions. The 1994 Arctic Ocean section saw highest atmospheric DMS concentrations near the ice edge in the Pacific sector as well, which decreased as a function of increasing ice cover and low aqueous DMS at higher latitudes (Sharma et al. 1999) . Once ventilated to the atmosphere, gas-particle nucleation and meteorological processes appear to account for the temporal variability observed in atmospheric DMS (Chang et al. 2011; Rempillo et al. 2011 ). Analysis of atmospheric DMS mixing ratios in the Atlantic sector of the Arctic Ocean showed high variability on time scales of days, with highest concentrations during the phytoplankton growth season (Park et al. 2013 ); hourly to daily variability was best related to changes in the trajectory, altitude, and speed of air masses passing over the DMS sources, while weekly variability was correlated to that of chlorophyll-a (CHL) in surrounding ocean waters and the changes in SIE. Atmospheric DMS concentrations decrease several orders of magnitude outside the summer season (Mungall et al. 2016; Park et al. 2013) .
Observations in the high Arctic, although limited (Leck et al. 2001 (Leck et al. , 2004 (Leck et al. , 1996 Tjernström et al. 2004 ), show highest MBAs in summer clean-air conditions and particle number increasing from June through August; similar observations are recorded for the Canadian Arctic (Leaitch et al. 2013) . Air masses arriving in the Arctic during summer originate from sectors over the oceans with limited man-made activities (Leck and Svensson 2015) , and the transport into the Arctic is slower compared to winter conditions (Stohl 2006) . Summer conditions are thus much more pristine, and the aerosol shifts to smaller particle sizes (Heintzenberg et al. 2015 (Heintzenberg et al. , 2006 with higher organic content (e.g., Hamacher-Barth et al. 2016) . Summer pan-Arctic crossings have shown aerosol methanesulfonic acid (MSA; an atmospheric photodegradation product of DMS) concentrations during the phytoplankton growth period to be highest in the Norwegian Sea and lowest over the central Arctic pack ice during the same time (Ye et al. 2015) , supporting the link between DMS emissions and ice-cover control of air-sea exchange. Decadal time series collected at coastal sites show MSA decline in the 1980s and 1990s in summer, followed by a steady increase since 2000 as a function of decreased SIE and the northward migration of the ice edge, where high aqueous DMS concentrations have been reported (Sharma et al. 2012) . A summertime increase in MSA has also been reported for Barrow, Alaska (now known as Utqiaġvik), by Quinn et al. (2009) . Although most model projections do not account for the loss of sea ice extent as a habitat for ice algae, which are known to be strong DMS producers , recent observations suggest thinner, more ponded, and transparent sea ice may result in high DMS fluxes from large under-ice blooms instead (Galindo et al. 2014) .
Field measurements in the Antarctic sea ice zone. Similar to the Arctic, data in Antarctic sea ice reveal very high but variable concentrations of the MBA precursors, DMSP and DMS (Curran et al. 1998; Delille et al. 2007; Kirst et al. 1991; Nomura et al. 2011; Trevena et al. 2003; Zemmelink et al. 2005) . Average DMSP concentrations from pack ice are ~168 nM and reflect the spring-summer and winter-spring transition periods. DMSP concentrations in sea ice from the Dumont D'Urville region in winter averaged 40 nM (Curran et al. 1998 ), reflecting the lower amounts of algal biomass in winter sea ice. DMS in pack and fast ice collected in spring from the Indian Ocean sector of the SO averaged 12 nM (range: <0.3-75 nM; Trevena and Jones 2006) , with mean values of 12 nM (range: <0.3-369 nM) in fast ice collected in spring-summer from McMurdo Sound (Carnat et al. 2014 ). Trevena and Jones (2006) reported concentrations of DMS and DMSP from 62 sea ice cores of pack and fast ice at 27 sites in the East Antarctic SIZ (64°-110°E) from the coastline north to 62°S. Concentrations of DMS in 81 sections of sea ice ranged from <0.3 to 75 nM, with an average of 12 nM; DMSP in 60 whole sea ice cores ranged from 25 to 796 nM and showed a negative relationship with increasing ice thickness. Extremely high DMSP concentrations were found in two cores of rafted sea ice (2,910 and 1,110 nM). The relationship of DMSP with ice thickness (excluding rafted ice) suggests that a release of large amounts of DMSP during sea ice melting may occur in discrete areas defined by ice thickness distribution and may produce "hot spots" of elevated seawater DMS concentration on the order of 100 nM.
Although several aerosol studies have been conducted on the Antarctic continent (Becagli et al. 2009; Legrand et al. 2001) , measurements in the SO SIZ are quite limited (Bates et al. 1998) . Among the few studies are those in the austral summer of 2009/10 by Koga et al. (2014) and by Humphries et al. (2016) during the austral spring of 2012, being the first in the East Antarctic pack ice. In the latter study, the ship traversed between eight ice floes that were used as temporary research stations. Boundary layer CCN concentrations exhibited a fivefold increase moving across the polar front, with mean polar cell (between 60° and 70°S) concentrations of 1,130 cm −3 -higher than any observed elsewhere in the Antarctic region (Humphries et al. 2016) .
Satellite data on AOD, CHL, and sea ice. To maximize the time series length, satellite data on CHL concentration and AOD were obtained from both the Sea-Viewing Wide Field-of-View Sensor (SeaWiFs; available from September 1997 to December 2010) and the Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua archives (reprocessing version 2013.1) for January 2011-December 2015. Compared with groundbased Aerosol Robotic Network (AERONET) observations of AOD, satellite-derived aerosol products estimate AOD to within the expected accuracy more than 60% of the time over ocean (Remer et al. 2008) . We utilize level-3 (4-km equirectangular projection) 8-day mapped CHL data and level-3 AOD at 865 nm at 9-km spatial resolution (http://oceancolor.gsfc .nasa.gov/cgi/l3). Daily SIE (fractional) was obtained at 25 km × 25 km spatial resolution from the National Oceanic and Atmospheric Administration/National Snow and Ice Data Center (NOAA/NSIDC) climate data record of passive microwave sea ice concentration archive (https://nsidc.org/data/seaice_index/archives .html).
Because of high sea ice coverage and high zenith angle of the sun at high latitudes, CHL and AOD data are only available from 85°N southward in the Northern Hemisphere and for part of the year (March-September). Both CHL and AOD retrievals are subject to possible pixel contamination by cloud in the SO (Toth et al. 2013 ) and sea ice north of 80°N (Belanger et al. 2007 ). To minimize this error, our data analysis in the Arctic Ocean was restricted to the south of 80°N. Cloud cover is high in the Arctic, and consequently, satellite retrievals in the study region were usually limited to between 10% and 15% of the total available pixels. We note that this leads to the possibility of negative bias in estimation of spatially averaged CHL and AOD values. However, our primary goal here is not the accurate estimation of CHL or AOD levels but rather to examine the synchronicity of their annual cycles with respect to sea ice dynamics. sea ice. The mean annual cycles in Arctic and Antarctic SIE are shown in Figs. 3a and 3b , respectively. In the Arctic, sea ice melt commences during March, continuing through spring and summer, with SIE reaching a minimum in September. During this 6-month period, SIE is reduced by approximately 9 × 10 6 km 2 . In one of the few Arctic studies that examine the relationship between aerosols, CHL, and sea ice, Gabric et al. (2014) found considerable interannual variability in both the onset of melt and the extent of sea ice loss during summer.
By contrast, the melt cycle in the Antarctic is more rapid, commencing in October and reaching a minimum extent the following February. The reduction in SIE is also more extensive in the Antarctic, with 11 × 10 6 km 2 lost just between October and December and a total of 15 × 10 6 km 2 by late summer, on average.
Maximum winter SIE anomalies are shown for the SH and NH in Figs. 4a and 4b, respectively. There is considerable interannual variability in SIE in both hemispheres, although fluctuations are perhaps more marked in the Antarctic. The change in the Arctic from positive to negative SIE anomalies is particularly evident from the start of the twenty-first Fig. 4. Late winter SIE anomalies (relative to the 1981-2010 mean) for (a)  Antarctic and (b) Arctic. century, and the negative trend is significant for the entire time period (slope: −0.05; coefficient of determination R 2 = 0.81). This trend contrasts with that for the Antarctic, where mostly positive SIE anomalies have been recorded since the turn of the century. chl a n d aod. Arctic. Analysis of CHL and AOD 8-day data in the whole Arctic Ocean (66°-80°N) shows strong seasonality in both time series, with a peak in AOD during spring (April) preceding the vernal CHL maximum (usually in May), followed by an often higher CHL peak during late summer. AOD decreases during summer before increasing again around or after the second CHL peak. This pattern is evident in most years and is illustrated for years 2008 and 2011 in Fig. 5 . The early spring peak in AOD is most likely influenced by Arctic haze, which tends to reach a maximum in March-April, thereafter declining through summer (Quinn et al. 2007 ). Ground-based measurements of AOD at Ny-Ålesund, Spitzbergen (Norway, 78.95°N), report lower values of AOD in summer (~0.05; Herber et al. 2002) , similar to the satellite values reported here. During summer, the high Arctic is isolated from midlatitude aerosol sources because the polar front is usually located around 70°N (Herber et al. 2002) . The increase in AOD during late summer shown in Fig. 5 is likely associated with postbloom emissions of MBA (Leck and Persson 1996; Leck et al. 1996) .
To illustrate the impact of sea ice in regional Arctic seas, we examine two contrasting regions (in terms of SIE)-the Kara and Barents Seas. The CHL and AOD time series for the Kara Sea (68°-81°N, 56°-100°E) and the adjacent but relatively less ice-covered Barents Sea (68°-81°N, 17°-56°E) are shown in Fig. 6 . In the Kara Sea, AOD consistently peaks from mid-April to early May, preceding the peak in CHL by up to two months.
By contrast, in the Barents Sea, the AOD and CHL peaks are much closer, and in some years almost coincident (Figs. 7b and 7c ). The sea ice in the Barents Sea in 2007 is mostly confined to north of 76°N (Fig. 7a) , resulting in a larger and longer-lived Fig. 5. CHL, AOD, and SIE (fraction) for the whole Arctic Ocean (66°-90°N)  in (a) 2008 and (b) 2011.  Fig. 6. Time series (1997-2015) of 8-day satellite-derived CHL and AOD in (a) Kara Sea (68°-81°N, 56°-100°E)  and (b) Barents Sea (68°-81°N, 17°-56°E) .
area of open water. Hovmöller plots of the CHL a nd AOD d ist ribut ion ( Figs. 7b and 7c , respectively) show CHL is high (≈1 mg m −3 ) in the southern ice-free half throughout the spring-summer seasons and displays little spatial relationship with AOD. MBA emissions in the Barents Sea are largely from open water. There is some correspondence between the zonal means in CHL and AOD between 72° and 76°N, with CHL slightly leading the peak in AOD and likely MBA emissions; howe ver, at mospher ic transport will smear any clear spatial correlation. This contrasts with the sea ice distribution in the Kara Sea in the same year, where the entire 68°-80°N region has at least 50% ice cover until significant melting begins in June (Fig. 8a) .
Here, the Hovmöller of CHL (Fig. 8b) shows the increase in pelagic phytoplankton is delayed until late June-July; however, AOD increases during May-June (Fig. 8c) , suggesting a source of aerosol during the ice melt period (most likely from underice or ice algae). These asynchronous patterns are repeated throughout the years analyzed. Similar patterns for outof-phase CHL and AOD annual cycles are observed in the Pacific-influenced Chukchi Sea (not shown), which has ice cover of intermediate extent between the Kara and Barents Seas. Few field atmospheric data exist to confirm these patterns. AntArctic. Figure 9 shows the zonal-mean time series of AOD and CHL in 55°-60°, 60°-65°, and 65°-70°S latitude bands corresponding to open water, MIZ, and SIZ, respectively. In the SIZ, the peak in AOD occurs from late September to mid-October. There is a clear difference between the coherence in the AOD and CHL cycles in the most northern and the two southern bands, with a distinct lag between peaks in AOD and CHL in the SIZ.
Previously, Gabric et al. (2005) found a clear latitudinal difference in the cross correlation between time series of satellite-derived CHL and AOD in the East Antarctic SIZ, with the AOD peak preceding the CHL bloom by up to 6 weeks. This suggests that substantial trace gas emissions (aerosol precursors) or primary MBAs are being emitted over the SIZ in the austral spring (October-December) as sea ice melts. This is supported by field data, as discussed above, that record extremely high levels of sulfur species in sea ice, surface seawater, and the overlying atmosphere during ice melt or during disruption of the ice pack by ship crossings (Humphries et al. 2016; Jones et al. 2010; Koga et al. 2014) .
Recent estimates of DMS flux in East Antarctica during the ice melt period and the ice-free summer are presented in Table 1 (Trevena and Jones 2012) . The average DMS flux from surface pack ice at Davis Station during November was estimated to be 54 µmol m −2 day −1 (Table 1) , comparable to the Fig. 8. As in Fig. 7 , but for the Kara Sea. Zemmelink et al. (2008) and much higher than those reported by Tison et al. (2010) during December 2004, both in the Weddell Sea. However, the daily flux estimate ranged from 1 to 325 µmol m −2 day −1 , primarily because of variation in wind speed. The average DMS flux estimate from fast ice was 30% lower than from pack ice because of the lower DMS concentration in surface fast ice (Table 1) and was similar to that in open water later in the season, perhaps as a result of prolonged ventilation and complex food-web processes (Trevena and Jones 2012) .
A more detailed picture emerges in the plots of the space-time evolution of CHL, AOD, and SIE (Fig. 10) during the austral spring-summer of 2012/13 for the East Antarctic south of 60°S. There is a distinct time lag between peaks in AOD (Fig. 10a )-which start in September-and the maximum in CHL during late November-December in the SIZ (60°-65°S; Fig. 10b ). Sea ice melt occurs mainly at the lower latitudes (60°-65°S), commences in late September, and is followed by a brief refreeze in early October (Figs. 10c and 10d ). There is a rapid increase in AOD during September, corresponding to the onset of ice melt, with a second AOD pulse in November as the melt gathers pace (Fig. 10d ). This shows that AOD is affected by MBA emissions that occur during the sea ice melt period and preceding the main open water phytoplankton bloom period in December.
CONCLUSIONS.
Our results indicate a clear connection between the annual cycle in sea ice and the atmospheric aerosol burden in polar seas. The data suggest a nexus between the maximum SIE, the subsequent melt period, and the atmospheric aerosol burden. Melting can trigger active microalgal exudation of MBA precursors such as DMS and DMSP by decreasing the salinity of the ice, as suggested by Delille et al. (2007) . The sudden increase in light intensity when cells exit the ice pack may also trigger a rapid DMSP release (Galindo et al. 2016 ). This underscores the importance of the seasonal melt of sea ice in subsequent spring-summer MBA release. It is unknown whether a similar link exists at the time of freeze-up and sea ice formation in autumn that leads to brine extrusion [including dissolved organic matter (DOM)] to both water and air (Bowman and Deming 2010, 2016) . has suggested that the production and emission of DMS will increase in the Arctic in future decades as seasonal sea ice cover recedes, because of an increase in open water and related effects of warming on the ocean mixed layer (Gabric et al. 2005) . For example, warming will likely increase the sea ice melting rate and consequently shorten the melt season, with phytoplankton blooms occurring earlier in the spring. Overall, there will likely be increased annual PP in certain regions of the Arctic Ocean, mainly due to enhanced light availability (Arrigo et al. 2008b ), but only when coupled with higher nutrient availability (Tremblay et al. 2015) . Hence, the potential exists for enhanced MBA production and emission as a function of sea ice changes. Furthermore, the appearance of autumn phytoplankton blooms in Arctic shelf regions (Ardyna et al. 2014 )-which did not occur on a regular basis-coupled with extensive first-year ice and frost flowers directly releasing MBAs (Bowman and Deming 2010) raises the possibility of autumnal fluxes, previously nonexistent. The impact of ocean acidification on polar MBA emissions is not yet well understood; although there is some evidence that ice algal communities will not be adversely affected by acidification (McMinn et al. 2014) , the effect on pelagic algal communities is still unclear (Thoisen et al. 2015) .
There is now strong evidence to suggest that ocean biology augments the aerosol and cloud droplet concentration and radiative forcing also over the biologically active SO by a significant amount (McCoy et al. 2015; Vallina et al. 2006 ). However, the relationship of aerosol emissions with SO sea ice variability is more complex, with the cause of the overall increase in Antarctic SIE still greatly debated. If the positive trend in Antarctic SIE were to continue, and if this were accompanied by an accelerated ice melt season (due to warming), the conditions may lead to increased and intensified vernal phytoplankton bloom and MBA emissions. Field studies suggest that rapid sea ice breakout in coastal regions of Antarctica can result in fast DMSP production events during spring (Vance et al. 2013) . However, how the intensity of such enhanced blooms might affect total seasonal PP and MBA emissions in the SO requires further investigation (Cameron-Smith et al. 2011) . It is clear that climate models will need to incorporate the dynamic response of ocean biology to warming and changes in sea ice to accurately model future changes in MBA emissions.
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